This paper deals with the feasibility of using a 5 MW drivetrain which is designed for a land-based turbine, on floating wind turbines. Four types of floating support structures are investigated: spar, TLP and two semi-submersibles. The fatigue damage of mechanical components inside the gearbox and main bearings is compared for different environmental conditions, ranging from cut-in to cutout wind speeds. For floating wind turbines, representative wave conditions are also considered.
Wind Turbines and Drivetrain Models
 25 
Wind Turbine Models

26
A land-based and four floating wind turbines (FWTs) are considered in the present study: a 27 spar platform, a tension leg platform (TLP), and two semi-submersibles, as depicted in Figure 1 .
28
The FWTs are summarized in Table 1 . The same platforms have been previously investigated with 29 attention to the effects of fault in the blade pitch controller [13] and to the effects of misalignment 30 between the wind and waves [14] . All of the models were assumed to support the NREL 5 MW 31 wind turbine [15] with the OC3 Hywind tower [16] . Each of the platforms and their respective 32 numerical models are described in greater detail in sections 2.1.1-2.1.5. 
Land-based
34
The NREL 5 MW wind turbine [15] with the OC3 Hywind tower [16] was selected as the 35 benchmark land-based concept for this study. This wind turbine is a three-bladed, upwind, pitch-36 controlled turbine. The specifications are presented in Table 2 . Using the OC3 Hywind tower 37 (cantilevered at a height of 10m) allows for direct comparison with the floating models, but gives 38 Table 2 : Land-based tower and turbine specifications [15, 16] .
Parameter Value Type Upwind/3 blades Cut-in, rated and cut-out wind speed (m/s) 3, 11.4, 25
Hub height (m) 87.6
Rotor diameter (m) 126
Hub diameter (m) 3
Rotor mass (×1,000 kg) 110
Tower mass (×1,000 kg) 249.718
Nacelle mass (×1,000 kg) 240
Hub mass (×1,000 kg) 56.8
Spar 41
The OC3 Hywind spar platform, as defined by Jonkman [16] , was included in the present study.
42
Spar platforms are characterized by their large draft and small waterline area. Heavy ballast deep in 43 the hull gives the platform its stability. In the global analysis, first order and viscous hydrodynamic 44 forces as well as mean wave drift forces were applied and Newman's approximation was used to 45 estimate the difference-frequency wave excitation. A catenary chain mooring system with delta 46 lines and clump weights was applied to model the given mooring system stiffness [16] . The mooring lines were modelled using bar elements and connecting joints, allowing for a full dynamic solution. here was similar, but not identical, to the generic WindFloat specification [22] . be found in [24] . A long-term fatigue analysis of this concept is also presented in [25] . The second semi-submersible concept was the OC4 DeepCWind semi-submersible, as described 84 in detail by Robertson et al. [26] . For this concept, the wind turbine is located on the centre weighs in as the largest of the studied concepts in terms of both displacement and mass. For the 89 global analysis, this concept was also modelled using a multi-body hull [23] . The four columns
90
were modelled as rigid bodies, with first order and viscous hydrodynamic forces applied, while the 91 braces were modelled as flexible beams with Morison-type loads. In this study, the orientation of 92 the platform with respect to the wind is opposite that described by Robertson et al. [26, 27] . 
Drivetrain Model
94
In this paper, a 5 MW reference gearbox [12] Figure 2: 5 MW reference gearbox schematic layout [12] . 
Methodology
101
The dynamic loads applied on the drivetrain are obtained through a de-coupled analysis ap- 
Global Analysis
107
Three integrated computer codes were used to model the global behaviour of the FWT systems theories, including dynamic stall, tower shadow, and skewed inflow correction [30] . The generator 115 torque and blade pitch control system was written in Java. This combination provided a stable 116 nonlinear finite element solver, sophisticated hydrodynamics, well-tested aerodynamics, and control 117 logic. The SIMO-RIFLEX wind turbine module has been previously verified [31, 32] , and the 118 SIMO-RIFLEX-AeroDyn combination has been documented [33] .
119
In the global analysis models, the hulls of the spar and TLP platforms were considered as rigid 120 bodies, while the semi-submersibles were analyzed using multi-body hull models. The hydrody- Krylov and the diffraction forces) was also applied to slender elements such as braces and mooring 127 lines which were not included in the panel model.
128
The aerodynamics model for the global analysis was chosen based on the wind speed. The BEM 129 theory was applied for wind speeds lower than 8 m/s; otherwise the GDW theory was applied. At 
132
The blade pitch control routines for FWTs are generally modified from those used on land-based 133 turbines in order to avoid negative damping effect on platform resonant motions [34] , [35] . In the 134 present work, the OC3-Hywind control parameters were applied to the spar and semi-submersible and for other comparisons [14] . Table 5 describes the characteristics of the waves (significant wave 145 height H s and peak period T p ) and wind (hub-height mean speed U and turbulence intensity I).
146
These conditions represent a range of operational conditions for the turbine, including low wind speeds which are likely to be encountered often. speed profile with exponent 0.14 was applied to the mean wind speed [39] .
153
Finally, Table 5 also shows the probability of encountering the given conditions, where the 
Drivetrain Load Effect Analysis
159
The reference gearbox was modelled in a multibody system (MBS) dynamic analysis tool,
160
Simpack [40] , as shown in Fig. 5 . The MBS tool provides a powerful method for load effect analysis 161 of wind turbine drivetrains and has been successfully used in earlier studies (e.g. [5, 41, 42, 43] ).
162
The gearbox in the MBS model consists of rigid or flexible bodies connected with appropriate force provided by Oyague [44] and Nejad et al. [12] . 
Fatigue Damage Comparison
180
The dynamic forces obtained from the MBS model were then post-processed and the one hour damage to the gearbox [41] . The gear tooth root bending stress was calculated based on the ISO 184 6336-3 method [45] , then the one hour damage was obtained from [10] : method. For each bin, the stress range, s, starts from zero to the maximum stress in that bin.
190
More details about this method and the gear tooth root fatigue damage calculation can be found
191
in Nejad et al. [10] .
192
Bearings are designed based on the desired life expressed by [8] :
in which L is the bearing basic life defined as the number of cycles that 90% of an identical group 194 of bearings achieve, under a certain test conditions, before the fatigue damage appears. C is the 195 basic load rating and is constant for a given bearing. The parameter a = 3 for ball bearing and for roller bearings. P is the dynamic equivalent radial or thrust load calculated from [46] :
where F a and F r are the axial and radial loads on the bearing respectively and X and Y are damage from [41] : be found in [41, 11] and [42] .
204
In the present work, the fatigue damage in gears and bearings of floating wind turbines is 205 presented via comparison with the land-based turbine. This is expressed in percentage, χ, defined 206 as:
where D LB and D F L are the fatigue damage in the land-based and floating turbines, respectively.
208
Negative values of χ indicate that fatigue damage in the floating turbine is less than that of the 
Results & Discussion
It is important to ensure that all wind turbines follow the same -or similar -power curves 212 before comparing the fatigue damages in the components. As it is presented in Figure 6 , the 213 mean power is almost equal for all the case study wind turbines. Note that the power loss is not 214 considered in this figure. fatigue ranking procedure proposed by Nejad et al. [41] . Figure 8 illustrates the fatigue damage 227 ranking of the components of the land-based 5 MW reference gearbox [12] .
228
For the chosen components, the fatigue damage comparison factors χ-described in Equation 5-are presented in Tables 6, 7, 8 and 9 for the spar, semi-1, semi-2 and TLP respectively. The first impression of the results is that the second main bearing, INP-B, sustains more damage 235 in all floating turbines than in the land-based turbine. INP-B supports both radial and axial forces.
236
For this bearing the equivalent load, P , is calculated from equation 3 as P = 0.67F r + 3.6F a , thus 237 any change in the axial force impacts significantly the equivalent load. As it is shown in Figure 7 the axial load extends to a higher range in floating wind turbines than the land-based turbine, INP-B sustains more damage in spar followed by semi-2, semi-1 and TLP wind turbines compared wind speeds, as illustrated in the power spectrum of the equivalent load in Figure 10 . Note that 245 the vertical axis is in logarithmic scale. "P" in this figure represents the rotor rotational frequency.
246
According to this figure and for the semi-2 wind turbine, the rotational frequency "3P" has a 247 higher contribution to the equivalent load than the wave in the below rated wind speed (EC2),
248
while at the rated wind speed, wave influence is dominant. As the wind increases to the cut-out 249 speed, the effect of "3P" increases.
250
In addition, the results show that the INP-B damage in semi-2 is higher than in semi-1 even 251 though semi-2 is by far heavier than semi-1 platform. It appears that the active ballast system in 252 semi-1 which counteracts the thrust force and reduces the platform pitch, contributes positively 253 in thrust load reduction in semi-1.
254
The upwind main bearing (INP-A), which carries only radial load, has similar or less damage for is a function of the load mean value. In every rotation a single gear tooth or a roller in the bearing undergoes a stress cycle from zero to a peak value irrespective whether the input load is constant 260 or it varies. The stress cycle of the gear tooth or bearing roller does not explicitly correspond to 261 the load fluctuations. This is due to the fact that the gear or bearing stress range is not only a 262 function of the external load fluctuations but also it is a function of the rotational speed [10] . 
Conclusions
281
In this paper a land-based designed 5 MW drivetrain was modelled on four types of floating 282 support structures: spar, TLP and two semi-submersibles, and the fatigue damage in mechanical 283 components was compared for different environmental conditions. All wind turbines followed an observed to be significant, almost three times more than the land-based in high wind speeds.
291
Overall, the comparison results suggest that other gears and bearings inside the gearbox -apart 292 from main bearings which are situated outside the gearbox -perform equal to or even better in 293 floating wind turbines than land-based. Moreover, the limited simulations presented in this study 294 suggest that the gearbox damage is almost equal in the TLP and the land-based and for some 295 bearings in the spar, semi-1 and semi-2 it is even lower than the land-based.
296
It is emphasized that the reference gearbox used in this study includes two main bearings,
297
which largely reduce non-torque loads entering the gearbox, thus, the conclusions should not be 
